ABSTRACT Upon endoplasmic reticulum Ca 2þ store depletion, Orai channels in the plasma membrane are activated directly by endoplasmic reticulum-resident STIM proteins to generate the Ca 2þ -selective, Ca 2þ release-activated Ca 2þ (CRAC) current. After the molecular identification of Orai, a plethora of functional and biochemical studies sought to compare Orai homologs, determine their stoichiometry, identify structural domains responsible for the biophysical fingerprint of the CRAC current, identify the physiological functions, and investigate Orai homologs as potential therapeutic targets. Subsequently, the solved crystal structure of Drosophila Orai (dOrai) substantiated many findings from structure-function studies, but also revealed an unexpected hexameric structure. In this review, we explore Orai channels as elucidated by functional and biochemical studies, analyze the dOrai crystal structure and its implications for Orai channel function, and present newly available information from molecular dynamics simulations that shed light on Orai channel gating and permeation.
In the ion channel field, store-operated channels have a relatively recent history, and have been investigated at the molecular level only within the past decade. First observed as a calcium signal within cells (1) , then detected as an ionic current in the late 1980s (2, 3) , and much later associated with a pair of gene products in 2005-2006 (4-8) , STIM and Orai proteins have captured wide interest as a two-component channel that links the endoplasmic reticulum (ER) to the plasma membrane (PM), with broad implications for channel biophysics, cell biology, physiology, and drug development. In store-operated calcium entry, extracellular calcium ions (Ca 2þ ) enter into cells in response to ER Ca 2þ store depletion. Once inside the cell, Ca 2þ serves as a second messenger to regulate signaling cascades that result in cytoskeletal rearrangement, secretion, gene transcription, alterations in motility, and cell proliferation. The best-characterized store-operated channel to date is the Ca 2þ release-activated Ca 2þ (CRAC) channel, which is endogenously expressed in T lymphocytes and other cells of the immune system. Sustained or oscillatory Ca 2þ signaling mediated by CRAC current influx over a period of hours after T-cell receptor engagement with antigen initiates the immune response by triggering downstream changes in gene expression that are required for cytokine production, cell proliferation, and differentiation of T cells into effector subsets (9, 10) .
A series of RNAi screens-four using Drosophila S2 cells and one using HeLa cells-led to the identification of the two key proteins, STIM and Orai, that together form the CRAC channel (4) (5) (6) (7) (8) . STIM proteins had been identified previously and named stromal interacting molecules (STIM), but the link to Ca 2þ signaling was uncovered by these RNAi screens in combination with functional studies. Orai (also known as CRACM), however, was completely novel. RNAi knockdown of either STIM or Orai completely suppressed functional CRAC current, establishing a functional requirement for each protein.
Overexpression of STIM and Orai together yielded greatly increased currents with the same biophysical properties as native CRAC current, indicating that no other protein component is limiting up to a very high channel density (8, (11) (12) (13) . STIM proteins are single-pass ER transmembrane proteins that sense ER luminal Ca 2þ store depletion and physically relay the message by translocating to ER-PM junctions (4, 14, 15) . Orai proteins in the PM then bind to ER STIM and accumulate in puncta by a diffusion trap (16) (17) (18) . Orai is a four-transmembrane (TM)-spanning, pore-forming subunit of the CRAC channel that opens to permit Ca 2þ influx upon physical interaction with STIM. There are two mammalian homologs of STIM, i.e., STIM1 and STIM2; and three mammalian homologs of Orai, namely, Orai1, Orai2, and Orai3; these are distributed widely throughout the tissues of the body, with selected tissues exhibiting elevated expression (9, 19) .
With the STIM and Orai proteins identified, the Ca 2þ signaling field exploded into activity with work on several fronts including channel structure-function, cell physiology, mouse knockouts, biomedical studies on patients, and drug development. After the initial description of STIM as the missing link between the ER and the PM, and Orai as the pore-forming subunit of store-operated Ca 2þ signaling (4) (5) (6) (7) (8) 14, (20) (21) (22) in 2005 and 2006, respectively, more than 850 articles on STIM1 and more than 750 on Orai1 have appeared. Fig. 1 A shows a diagram of a human Orai1 subunit.
Within its 301 amino-acid primary sequence, several functionally important residues are highlighted. The vast majority of structure-function studies have focused on Orai1; however, due to high sequence homology, many of the resulting structural insights have been applied to other Orai homologs. Within the core domain of four TM-spanning segments, the pore-lining TM1 helix is identical in all three Orais, with the extracellular loop between TM3 and TM4 being the most divergent; and the 3-4 loop of Orai1 is uniquely glycosylated. Here, we review a subset of structure-function studies and note the contributions they have made toward a molecular understanding of the biophysical properties of Orai channel gating and ion selectivity that underlie the CRAC current.
Structure-function studies
Before the Orai family was identified and cloned, the endogenous CRAC channel had already been shown to have unusual properties, including gating by ER Ca 2þ store depletion, a very low (for an ion channel) single-channel conductance of~10 fS, a very high degree of Ca 2þ selectivity (>1000-fold over Na þ ), conduction of small monovalent cations in the absence of divalents, and inward rectification (16, 17) . Identification of the Orai gene family opened the door to classic electrophysiological approaches with mutagenesis in expression systems, aimed at identifying the molecular basis for the CRAC channel's biophysical fingerprint. Orai is unrelated to previously identified ion channels, and its activation by STIM proteins in the ER is highly unusual. At the level of channel function, sitedirected mutagenesis and thiol-reactive probes in the context of patch-clamp and fluorometric Ca 2þ imaging experiments have identified amino-acid residues that contribute to ion selectivity and gating of Orai1 and other Orai homologs (Fig. 1) .
Ion selectivity and Orai1 pore-lining residues
Three independent studies identified a glutamate residue situated at the extracellular end of TM1 as the most important determinant of Ca 2þ selectivity (20) (21) (22) . All three studies showed that a conservative point mutation, glutamate to aspartate (E180 in Drosophila Orai, E106 in Orai1 and E81 in Orai3; see Fig. 1 ), drastically altered ion selectivity as determined by patch-clamp analysis, strongly implicating Orai as the pore-forming subunit of the CRAC channel. The normal inwardly rectifying, highly selective Ca 2þ channel instead conducted outwardly rectified, nonselective, primarily monovalent currents. Furthermore, these studies also showed that substitution of the critical glutamate by an uncharged amino acid resulted in a nonconducting, dominant-negative subunit capable of strongly suppressing endogenous CRAC current. Negatively charged aspartates in the first extracellular loop near the glutamate filter residue may fine-tune Ca 2þ selectivity by locally attracting external cations toward the pore (21, 22) .
In addition, a glutamate situated at the extracellular side of TM3, Orai1 E190, was also shown to increase selectivity for Ca 2þ over monovalent cations (20, 21) . Based on these three studies (20) (21) (22) , it was hypothesized that the selectivity filter consists of a ring of glutamates (E106 in Orai1) that form a pore with diameter close to 3.5 Å , i.e., near the size cutoff for Cs þ . In this view, mutation of the key glutamate residue (E106 in Orai1) to aspartate -dependent inactivation (CDI); mutation that causes human SCID; constitutively active channel mutants; Ca 2þ permeation; cation electrostatic attraction; second CDI site; TM3 residues that contribute to permeation and gating; and C-terminal STIM1 binding. (B) TM1 residues lining the Orai1 store-operated pore elucidated by functional analysis: selectivity filter E106, hydrophobic gate V102, gating hinge G98, L95, and basic gate R91. For clarity, only two TM1 domains, from two Orai1 monomers, are represented.
Biophysical Journal 108(2) 237-246 (one carbon shorter than glutamate) would widen the pore and increase permeability to larger monovalent cations such as Cs þ . Subsequent studies have confirmed that Orai3 residue E81, homologous to Orai1 E106, also controls Ca 2þ selectivity in Orai3 (23, 24) . Two comprehensive cysteine-scanning mutagenesis studies, each focused on Orai1, defined the entire pore to be lined by TM1 residues. McNally et al. (25) systematically mutated every residue in TM1, the extracellular TM1-TM2 loop, and TM3 of Orai1 to cysteine and tested the mutants for reactivity with cadmium ions (Cd 2þ ), reported by current block during patch-clamp experiments. They found that particular TM1 residues, when mutated to cysteine, were sensitive to Cd 2þ block. These residues followed a periodic pattern that, when mapped to a generic a-helical projection, aligned to one face of the a-helix. In the second study, Zhou et al. (26) mutated every residue in TM1 and TM3 of Orai1 to cysteine and took a biochemical approach to identifying residues involved in pore formation, with formation of intersubunit disulfide bridges as a readout. Taken together, the two cysteine-scanning studies predicted TM1 to be a-helical, with residues E106, V102, G98, L95, and R91 all on one side of the a-helix, lining the pore formed by multiple TM1 domains gathered about a central axis.
Gating by STIM1
STIM1 directly activates Orai1 by binding to C-and N-terminal cytosolic domains. Deletions and truncations of STIM1 zeroed in on a region of~100 amino acids as the essential CRAC-activation domain (CAD; also known as STIM-Orai activating region, SOAR) (27, 28) . As shown by FRET and patch-clamp studies, the CAD domain allows STIM1 to bind and activate Orai1 through the C-terminal cytosolic domain of Orai1 by interactions within a leucine-rich, acidic coiled-coil motif (27, (29) (30) (31) (32) . A second site at the conserved portion of the N-terminus adjacent to TM1 is also required for CAD/STIM1 binding and Orai1 channel activity (27, (33) (34) (35) (36) . STIM interacts strongly with the C-termini of Orai proteins and weakly with the Ntermini (27, 37) . Although it is clear that both STIM1-binding sites are required for channel opening, the precise sequence of events involving first the Orai1 C-terminus and then the N-terminus is still under investigation.
A human Orai1 channelopathy opened the door for further functional analysis of residues lining the Orai1 pore and the possible location of channel gates. Arginine 91 of Orai1 mutated to tryptophan causes a lethal severe combined immune deficiency (SCID) (6), and is localized toward the intracellular side of Orai1 TM1. Implicated in pore formation, R91 may also be involved in gating because mutation to bulky hydrophobic residues, including the channelopathy mutation R91W, blocked the channel, whereas mutation to hydrophilic residues allowed the channel to function normally (38, 39) . R91 is one of several arginines that collectively may form an electrostatic gate toward the cytosolic portion of TM1. The glycine at position 98 in the middle of TM1 was proposed to be a gating hinge (39) , permitting the channel's STIM1-induced conformational changes to open the channel by widening the cytosolic gate. This notion was supported by the first-known activating mutations G98D and G98P, which resulted in constitutively preactivated, nonselective Orai1 channels. Substitution of alanine at G98, but not in adjacent residues, resulted in an appropriately expressed but nonfunctional channel.
The cysteine-oxidizing agent diamide blocked the R91C mutant through an intersubunit disulfide bond, but the double mutant R91C/G98D was not capable of being blocked. In addition, the double mutant R91W/G98D was constitutively open, suggesting that widening induced by mutation of G98 overcame block that would normally be induced by R91W. These results suggested that the flexibility of glycine permits the channel to open and close in response to STIM1 binding and unbinding, and that pore-lining R91 residues from adjacent subunits function as a physical gate that widens the inner pore as basic residues pivot away from each other during channel opening (39) . The valine at position 102 of Orai1, situated between the glycine hinge and the selectivity filter glutamate, was also proposed to function as a gate (40), in part because mutating it to more polar residues resulted in preactivated, nonselective channels. Furthermore, STIM1 binding to the constitutively open nonselective V102C restored selectivity for Ca 2þ . Although the picture remains uncertain, the conclusion of these studies is that Orai1 TM1 not only lines the conducting pore but includes two activation gates that flank a central glycine hinge: a hydrophobic gate at V102, and an inner gate at R91 (Fig. 1 B) .
As has been previously noted (41), TM1 and TM3 have an internal homology suggestive of evolution by gene duplication. Whereas cysteine-scanning studies excluded TM3 from pore-formation (25) , other functional studies found that mutating certain TM3 residues also could alter permeation and gating properties of Orai channels. The conserved TM3 glutamates (E190 in Orai1) were shown to contribute to Ca 2þ selectivity; neutralizing mutations to alanine or glutamine resulted in increased Cs þ permeability (in Orai1) or decreased sensitivity to the channel modulator 2-APB (in Orai3) (20, 21, 23, 42) . The conserved TM3 glycines (G183 in Orai1) are also necessary for proper channel gating (43, 44) . Mutating the conserved Orai1 TM3 tryptophan (W176 in Orai1) to cysteine also results in preactivated channels (44) .
Based upon these findings, we propose the following picture for how TM1 and TM3 may coordinate: TM1-2 loop aspartates create a ring of negative charges that attract a cloud of Ca 2þ ions toward the critical glutamate E106 ring that forms the selectivity filter. Flanking TM1 hydrophobic Biophysical Journal 108(2) 237-246 residues form a large energetic barrier that needs to be overcome for ions to permeate. Glycines in the middle of TM1 form a gating hinge; and arginine (TM1) or tryptophan (TM3) may form an intracellular gate toward the inside. The parallels in TM1 and TM3 mutagenesis results suggest coordinated movement during channel activation by STIM1.
Calcium-dependent inactivation
Classic CRAC current is in part defined by fast Ca 2þ -dependent inactivation (CDI), a process that occurs in tens of milliseconds and is mediated by Ca 2þ influx into the cytosol (45, 46) . Of the three human Orai homologs, Orai3 exhibits the greatest degree of CDI, and Orai1 the least (47) . CDI is thought to be mediated by cytosolic domains of both STIM and Orai and modulated by the overall expression ratio of the two proteins. Neutralization of several C-terminal STIM1 acidic residues (475-483) outside of the CAD diminished or completely abolished CDI (48) (49) (50) . The N-terminal, PM-proximal region of Orai1 and Orai3 channels has been identified as a calmodulin-binding domain, which mediates interactions with calmodulin and thereby affects CDI. Mutations within the Orai1 (e.g., A73E; W76A, E, or S; and Y80E) or Orai3 calmodulin-binding domain eliminate CDI (49, 51) . Mutations introduced into the cytosolic TM2-TM3 loop of Orai1 (residues 151-154) abolish CDI (52) , and decreasing the ratio of STIM1 to Orai1, diminishes CDI (53,54).
STIM-independent gating of Orai3 by 2-APB 2-APB (2-aminoethyl diphenylborinate) has been previously described as a CRAC channel modulator that augments channel activity at low micromolar concentrations and blocks at higher concentrations (55) . Of the three human Orai channel homologs, Orai3 and, to a lesser extent, Orai1 can be activated by high concentrations (>50 mM) of 2-APB (56-58). 2-APB-activation of Orai3 occurs without STIM1-Orai3 interaction or store-depletion and is thought to be mediated by residues within the Orai3 TM2-TM3 region (43, 58) . The mechanism by which 2-APB activates Orai3 involves pore dilation, resulting in nonselective cation currents, a biphasic I-V shape, larger single-channel conductance, and wider pore diameters (23, 24, 43, (56) (57) (58) . TM3 residues are likely to be critical for 2-APB-induced pore dilation. Mutation G183A in TM3 of Orai1 results in Orai1 channels that can also be activated by 2-APB; mutating the homologous G158 in TM3 of Orai3 to cysteine results in delayed 2-APB activation and washout due to intrasubunit disulfide bridge formation between the introduced G158C and endogenous TM2 C101 (43) .
Finally, a very recent targeted cysteine mutagenesis study on 2-APB-activated Orai3 showed that TM1 residues Q83, V77, and L70 line the channel pore. Other cysteine mutants of TM1 residues (E81, G73, and R66) homologous to Orai1 pore-lining residues made Orai3 channels insensitive to 2-APB-activation. Orai3 TM3 residue E165 was found to only assist in pore formation of the 2-APB-activated, but not store-operated, Orai3 channel (59) . These data suggest that the store-operated (i.e., STIM-activated) Orai channel conduction pathway differs from that of the 2-APB-activated Orai3 channel pore. The STIM-activated Orai channel conduction pathway is solely composed of TM1 residues. However, the 2-APB-activated Orai3 channel pore forms with assistance from TM3 residues, namely E165 and G158. The wider pore of 2-APB-activated Orai3 might facilitate the interaction between E165 and G158 with the conduction pathway and the ions that fill it.
Orai subunit stoichiometry
Ion channels are homomeric or heteromeric assemblies of protein subunits that form ion conduction pathways through the otherwise very hydrophobic barrier of cell membranes. Examples of channel dimers, trimers, tetramers (or domain tetramers in the case of single-subunit voltage-gated Na þ and Ca 2þ channels), pentamers, and hexamers have been described. After the identification of genes encoding members of the Orai family, researchers began to employ biochemical, functional, and imaging techniques to determine the stoichiometric makeup of the Orai channel pore. To investigate Orai channel stoichiometry, tandem dimeric, trimeric, or tetrameric Orai1 constructs with or without pore-blocking dominant-negative mutations were coexpressed together with STIM1 (60) . Current suppression in tetramers with a single subunit pore mutation suggested that store-operated Orai1 channels are tetrameric.
Other studies utilized fluorescently labeled Orai multimers or monomers, and in conjunction with total internal reflection fluorescence microscopy, counted numbers of photobleaching steps of single molecular entities in individually resolved diffraction-limited spots. Three studies using this technique, termed subunit counting, agreed that Drosophila Orai (dOrai), Orai1, and Orai3 each formed tetrameric complexes when activated by STIM proteins (61-63). However, there was disagreement about the resting state. One group observed dimeric complexes of dOrai, Orai1, and Orai3 when expressed alone (61, 63) . A different optical approach tracked single molecules, and analyzed the brightness of EGFP-Orai diffusing into prebleached regions of live HEK cells. That study found support for a tetrameric Orai1 channel complex at rest (64) . All the above studies are in agreement on a tetrameric active form of Orai, although reports of Orai dimers and heteromeric Orai channels suggested a broader versatility in subunit organization. Arachidonate-regulated Ca 2þ (ARC) channels were described as Ca 2þ -selective, store-independent, pentameric assemblies of three Orai1 and two Orai3 subunits (65) , and complexes of Orai1 with TRPC channels have been reported (66) .
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The tetrameric subunit stoichiometry determined by concatemers and optical approaches was called into question by publication of the crystal structure of dOrai, which clearly showed a hexameric closed state with three Orai dimeric units organized around a central pore (67) . A subsequent study compared the biophysical properties of tetrameric and hexameric concatenated Orai1 subunits, and reported that only the tetrameric assembly recapitulated the Ca 2þ -selectivity of endogenous CRAC channels, whereas the hexameric complex generated nonselective cationic currents (68) . The authors interpreted this to imply that Orai channels may natively exist as tetramers, forming CRAC channels with high selectivity for Ca 2þ . However, another very recent study (69) utilized hexameric concatemers of Orai1 and introduced mutations to prevent STIM1 binding into individual subunits, concluding that Orai1 hexamers recapitulate the Ca 2þ -selectivity of native CRAC current.
Each method of determining subunit stoichiometry has limitations that could lead to disparate results. Tandem concatemers with artificial linkers between subunits might not assemble as anticipated. Photobleaching and dark states of fluorescent tags may result in undercounting of subunits, and subunit counting studies are done at low expression levels. At the opposite extreme of very high protein concentration, crystal structures are static representations determined, of necessity, under nonphysiological conditions. One way to reconcile some of the findings would be to suppose that newly synthesized Orai subunits are dimeric and are organized by the STIM protein into tetramers and hexamers (trimers of dimers). Subunit stoichiometry and assembly of Orai channels remain topics of lively debate; the weight of recent evidence is shifting to favor a hexameric state for the functional channel.
The dOrai crystal structure
The culmination of functional and biochemical studies discussed above painted a picture of what the pore looks likea concentric arrangement of Orai1 TM1 domains, with residues E106, V102, G98, L95, R91, and A88 protruding into the central cavity, which forms a narrow conduction pathway traversed mainly by Ca 2þ ions as they enter the cell (Fig. 1 B) . These studies also unveiled the functional identities of these residues: E106 as the selectivity filter, V102 as the hydrophobic gate, G98 as the gating hinge, and R91 as the basic gate. These associations, based on functional analysis of site-directed mutants, were largely substantiated by the solved crystal structure of dOrai (67) . The crystal structure of dOrai (in a closed state), although validating some functional conclusions, also contained surprises.
Drosophila dOrai shares 73% sequence identity with Orai1 and has nearly identical biophysical properties (70) . The four TM domains of dOrai are almost identical to the three human homologs-Orai1, Orai2, and Orai3. Therefore, the closed state crystal structure of truncated (residues 132-341) and mutated (C224S, P276R, P277R, and C283T) dOrai, solved to 3.35 Å resolution, is the best structural representation presently available (67) . The structure lacks substantial parts of the N-and C termini, the extracellular TM1-TM2 loop, and the intracellular TM2-TM3 loop. However, all four TM domains are resolved and the conduction pathway is clearly defined (Fig. 2) . Therefore, the dOrai crystal structure gives insight into possible gating mechanisms, hypothetical conformational changes that might occur as the channel opens/closes, and possible STIM binding sites.
The dOrai crystal structure reveals a hexameric assembly of subunits. The subunits are symmetrically arranged as a trimer of dimers around the central axis of the channel that forms the pore (Fig. 2, A and B) . Each subunit is composed of four a-helical TM domains (M1-M4) and an M4 extension that protrudes into the cytosol. The disposition of the M4 extension defines the two ; (gold) five hydrophobic residues; and (blue) basic residues, which bind two unidentified anions (orange). (C) View from the extracellular side showing concentric circles of a-helices with two rings of glutamates (red): the inner ring of TM1 E178 residues (corresponding to Orai1 E106) surrounding a Ca 2þ ion at the center of the pore, and the outer ring formed by TM3 E262 residues (corresponding to Orai1 E190). (D) View from the intracellular side showing TM1 residues with positive charge (blue) at the center surrounding the anion (orange) in the pore, flanked by M4 extensions with three red stripes of negative charge at the C-terminal STIM-binding sites.
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conformations available to each of the subunits in the structure; a-subunits have M4 extensions that extend deep into the cytosol, whereas b-subunits have bent M4 extensions that hover just beneath the intracellular side of the PM. Each one of the three dimers that comprise the hexamer is composed of one a-and one b-subunit; a-and b-subunits alternate within the hexameric assembly. The M4 extensions of each a-and b-subunit within a dimer are paired in an antiparallel, coiled-coil helical arrangement.
The view of the structure from the extracellular side is defined by three concentric rings of TM domains (Fig. 2  C) . The innermost ring, composed of M1 domains, forms the conduction pathway of the channel. The middle ring, composed of M2 and M3 domains, provides rigidity and thus structural integrity to the hexameric complex. The outermost concentric ring, composed of M4 and M4 extension domains, is the most peripheral ring and therefore likely to be the most mobile. Both the inner and middle concentric circles of the structure exhibit sixfold symmetry, while the outer ring exhibits threefold symmetry.
Orai pore
The six M1 domains are surprisingly long; at~55 Å apiece, each protrudes~20-25 Å deep into the cytosol, forming what appears to be an extended pore. All six of the M1 domains contribute residues to the formation of the conduction pathway along the central axis of the channel. The side chains of nine residues homologous to Orai1 E106, V102, F99, L95, R91, K87, R83, Y80, and W76 protrude into the pore (Fig. 2 B) . The pore can be subdivided into four distinct regions: 1) the selectivity filter-a ring of glutamates; 2) the hydrophobic region spanning three a-helical turns; 3) the basic region spanning three a-helical turns; and 4) the cytosolic region spanning two a-helical turns.
At~6 Å in diameter, the selectivity filter glutamate ring (homologous to Orai1 E106) is the narrowest part of the pore, and is surrounded by a ring of TM3 glutamate residues, homologous with Orai1 E190 (Fig. 2 C) . Moreover, the unresolved TM1-TM2 loop with three negatively charged residues likely contributes to a negative electrostatic potential at the external surface of the pore. The hydrophobic region is rigid, stabilized by an extensive network of van der Waals interactions, and contains V174 (homologous to the Orai1 hydrophobic V102 gate). It measures 8-10 Å in diameter and is~18 Å long. The basic region of the pore contributes 18 basic residues to the conduction pathway, including K163 (homologous to the aforementioned basic R91 gate of Orai1 channels). These basic residues surround what appears to be an anion bound to the crystal (Fig. 2 D) .
The basic region is enriched with residues that are associated with helix flexibility (serine, threonine, and glycine). G170, a residue homologous to the G98 gating hinge identified in Orai1 channels, is also nearby. The rigidity of the selectivity filter and hydrophobic regions, and the relative flexibility of the basic region and proposed gating hinge, suggest a plausible mechanism for channel gating: as the channel goes from the closed to open state, M1 helices in the basic region move apart from one another, thereby opening the channel pore. Additionally, the anion bound within the basic region may act in gating as well. A complementary dOrai K163W structure (a mutation homologous to Orai1 SCID mutation R91W) exhibits altered anionic binding within the basic region. This further suggests that the basic region of the channel is in part responsible for channel gating and that an unidentified physiological anionic species such as phosphate might be responsible for stabilizing the closed state of the channel.
STIM interactions and gating
The dOrai crystal structure also offers insight into the plausible binding sites for STIM molecules. As mentioned, the M4 extensions from adjacent a-and b-subunits within each of the three dimers in the hexameric structure are paired by antiparallel coiled-coil helix associations. The coiled-coil interactions occur between residues I316 and L319. These residues are homologous to Orai1 L273 and L276; mutation of these two residues disrupts STIM1-Orai1 interaction and inhibits Orai1 channel opening (31, 71, 72) . Therefore, Hou et al. (67) proposed that STIM binds the M4-extensions. The multimerization state of STIM is uncertain. STIM is likely to be a dimer in resting cells when ER Ca 2þ stores are full (17) . After store depletion, STIM1 forms higher-order oligomers that physically migrate laterally within the ER membrane to ER/PM junctions; STIM binding then causes Orai channels to open. An NMR structure of a STIM1 fragment bound to Orai1 suggests a 1:1 molecular interaction (73) . However, functional experiments in which the ratio of STIM/Orai is varied suggest that binding stoichiometry is variable, and that channel activity is graded accordingly (53, 54, 72) . Increasing the ratio of STIM to Orai first increases and then drastically inhibits channel activity. A ratio of two STIM1 monomers per Orai1 subunit most closely recapitulates properties of endogenous CRAC currents and results in optimal channel activity.
Thus, to achieve maximal channel activation, it appears that an Orai hexamer may require binding of up to 12 STIM monomers. It is likely that graded activation takes place through a complex gating sequence involving varying numbers of STIM proteins bound, but the vanishingly small single-channel current has precluded direct measurement. The C-terminal Orai interaction with STIM then results in a conformational change that allows M4-extensions to protrude further into the cytosol and enables STIM to secondarily interact with cytosolic portions of the M1 helices. STIM interaction with the M1 helices in turn allows the Biophysical Journal 108(2) 237-246 M1 helices to move outward, thereby opening the channel pore.
Molecular dynamics
The dOrai crystal structure has enabled atomic-level computational studies of interactions among water molecules, ions, and the membrane-embedded Orai channel. The first atomistic molecular dynamics (MD) simulation study of dOrai revealed a possible gating mechanism in which water molecules within the pore contribute to channel activation in both the wild-type (WT) and constitutively active V174A mutant, homologous to Orai1 V102A (74) . The authors of the study characterize the binding of Na þ (in the absence of Ca 2þ ) by calculating the potential of mean force for the translocation of a single Na þ through the pore along the transmembrane direction. The potentials of mean force suggested that the V174A mutant channel has a more favorable permeation pathway than the WT channel, consistent with functional data showing that V174A channels are preactivated (67) .
The V174A mutation alters the number of water molecules present in the pore, thereby reshaping the local electrostatic field in the pore region from A174 to R155 (74) , suggesting that channel activation may be regulated by internal waters. However, the authors acknowledged that this water-regulated pore model may not represent the general mechanism for Orai channel activation, and that the role of pore waters in Orai channel gating has yet to be confirmed experimentally. The study also did not focus on STIM gating of Orai channels, leaving unclear the specific mechanism by which STIM molecules open the Orai pore. Finally, although Cl À counterions were observed to bind exclusively in the basic region of the pore, the role of the putative anion binding site revealed by the dOrai crystal structure in channel gating and conduction remains elusive.
Hou et al. (67) suggested that phosphate or pyrophosphate may be the counterion bound in the anion binding region. We speculate that phosphates assist in neutralizing the basic region of the pore, thereby stabilizing the closed state of the channel. To explore this possibility, we (M.L.W., J.A.F., and D.J.T.) ran atomistic MD simulations of the WT and V174A mutant channels embedded in a POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) bilayer with excess water and either Gd 3þ or Ca 2þ in the selectivity filter (SF) (75) . Snapshots of the system are shown in Fig. 3, A and B. We used PHYRE2 (76) to build in the extracellular TM1-TM2 and intracellular TM2-TM3 loops that were missing in the crystal structure. Additionally, we reverted crystallization-related mutations to ensure that our simulations were representative of the WT dOrai channel. The titratable residues K159, K163, K170, E178, and D184 were neutralized based on pKa values calculated using PROPKA 3.1 (77) . Finally, we included phosphates in the anion binding region suggested by the crystal structure.
We found that one cation (either Ca 2þ or Gd 3þ ) in the SF and two phosphate ions in the basic region of the pore yielded a stable structure in all four systems; the Ca-root-mean-squared deviations (RMSDs) (with respect to the crystal structure) appear to be converging to values <2 Å within the first~120 ns of each simulation (Fig. 3 C) . This is in contrast with the simulations by Dong et al. (74) of WT and V174A dOrai channels, which required 300 and 500 ns to reach Ca-RMSD plateau values of~3 and~3.5 Å , respectively, with Na þ as the permeant ion and Cl -as the anion. The fact that the structural integrity of the channel depends upon the choice of counteranion and protonation state of titratable residues in the pore region suggests that changes in the local pH around the channel may play an important role in stabilizing or destabilizing the closed state by changing the charge distribution in the pore region, and lends support to the possibility, mentioned above, that STIM binding may aid bound in the selectivity filter. The coordinate Z is defined as the distance (along the TM direction) from the center-of-mass for TM1 residues 144-180. The local minimum at Z~25 Å corresponds to the position of the E178 carboxyl groups, and the maximum at Z~20 Å corresponds to the position of the residue 174 side chain.
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in releasing the anion from the basic region of the Orai pore.
To explore the effects of the Gd 3þ pore blocker on the protein, we calculated pore radius profiles in the MD simulations of WT and V174A mutant channels with Ca 2þ or Gd 3þ bound to the E178 residues in the SF. The pore radius profile of the V174A system exhibits an extracellular opening when Ca 2þ is in the selectivity filter that is not present in the WT system (Fig. 3 D) . This is consistent with functional data showing that V174A channels are constitutively active, while WT channels are closed (as is the dOrai crystal structure). We find that the Gd 3þ -bound V174A pore has a smaller maximum radius than the Gd 3þ -bound WT pore, and that Gd 3þ results in a smaller pore radius at the WT SF than when Ca 2þ is bound (Fig. 3 D) (67). This is consistent with functional data showing that Gd 3þ is a strong pore blocker (22, 70) .
The TM1-TM2 connecting loop, unresolved in the crystal structure but modeled here, positions an outer ring of acidic side chains concentric with the E178 selectivity filter (Fig. 3  B) that may serve as an extracellular vestibule to attract permeating cations or trivalent blockers. Two of the aspartate residues (D182 and D184) were shown in functional studies to be important for fine-tuning ion selectivity and for enhancing block by Gd 3þ (21, 22) . Subtle tuning of the local environment by pH and electrostatics clearly affects the stability of the protein and geometric shape of the pore. Our simulations, in conjunction with those of Dong et al. (74) , begin to shed light on the atomistic mechanisms underlying ion conduction, channel block, and pH regulation in the CRAC channel.
CONCLUSIONS
The Orai channels are late bloomers in the channel field, with a nearly 30-year discovery time course from storeoperated calcium entry and CRAC current to STIM1-operated Orai1 channels. With one crystal structure (dOrai in a closed state) thus far, and a host of studies that probe Orai1 channel function by mutagenesis, the mechanistic picture is rather murky but becoming clearer. The crystal structure and a very recent functional study using concatemers provide strong evidence for a hexameric subunit organization as a trimer of dimers; however, the possibility of a versatile subunit organization should be kept in mind. Gating by STIM1 is a complex process, because varying numbers of STIM1 molecules bind to both C-and N-termini, possibly triggering the channel to open to several conducting substates. The pore-forming TM1 segment of Orai1 is critical for both gating and ion permeation. Selectivity for Ca 2þ is determined by the glutamate ring at the outer pore. A gantlet of hydrophobic residues extending through the membrane likely limits the single-channel Ca 2þ flux to <10,000 ions per s.
An electrostatic barrier in the inner pore extends into the cytoplasm in the closed state crystal structure; this suggests a major rearrangement is required to widen the inner pore during channel opening, such as TM1 and TM3 pivoting outward from the gating hinge in the middle by a scissoring action of STIM1 dimers exerted from the cytosolic ends of TM1 and TM4. STIM-operated, ligand-gated, and constitutively active Orai channels are proving useful in functional mapping of diverse channel open states with varying permeation properties. A clearer picture will emerge from crystal structures of the open-state channel induced by cocrystallization with STIM1, CAD/SOAR, and/or 2-APB. Complementing this, further MD simulations will reveal the conformational changes that occur as Orai channels close, open, and inactivate, together with atomic-scale details of ion conduction and selectivity.
Taken together, functional studies reaching to singlemolecule resolution, x-ray crystallography, and molecular dynamics will ultimately provide a better understanding of the biophysical basis for Orai channel function, as well as the basis for rational drug design of channel blockers and activators.
